The photoelectrochemical etching of (100) and (111) p-InP has been investigated in several electrolytes. The reactions involve the photoreduction of the p-InP surface producing an insoluble product, indium, followed by its anodic stripping at a more positive potential. Etch rates in excess of 2 ~m/min have been obtained. High light to dark selectivity can be obtained with etch rates from 0.1 to 0.5 ~m/min. The etching is dependent upon crystal face, temperature, electrode potential, and the cycle time of the potential step. The reactions have been investigated by capacitance measurements, cyclic voltammetry, chronoamperometry, and photoetching measurements. The instability of bare InP in regards to its use as a photoanode in hydrogen production is discussed.
dium-rich film has been measured by spectroellipsometry (14) . The formation of a surface film during the electrochemical reduction influences its electrochemical behavior. As a result of the reduction of the surface, untreated p-InP is a poor surface for the photoreduction of hydrogen ions to produce hydrogen (10) .
In this report the surface reactions of p-InP are investigated. The effect of temperature, crystal orientation, and solvent on the photoreduction and oxidation are reported. A two-step photoselecUve etching process for p-InP is described.
Experimental
The electrochemical experiments were carried out using a conventional three-electrode cell with an optically flat window for illumination of the semiconductor electrode. The counterelectrode was a platinum wire and a saturated calomel electrode was used as the reference. All chemicals were reagent grade except for high-purity nitrogen used to deaerate the solutions and spectroscopic grade water from Aldrich used for preparing the solutions. The nitrogen was first bubbled through the solution using a glass frit and then passed over the solution during experiments.
A PAR Model 270 electrochemical system was used to perform cyclic voltammetry and chronoamperometry. An IBM System 70 computer was used to collect the data and analyze the results. The capacitance measurements were performed with a PAR 5301 lock-in amplifier in conjunction with the potentiostat. The capacitance measurements were carried out at frequencies from 1 to 100 kHz. A 5 mV sine wave was superimposed on a slow voltage ramp (5 mV/s); the phase angle and magnitude of the resulting alternating current was measured. The data collection rate was one point per second. A large-area platinum counterelectrode was used for the capacitance measurements so that its impedance could be neglected in Mott-Schottky plot calculations.
The (100) and (111) p-InP semiconductors were obtained from Atomergic Chemicals, Long Island, New York. The crystals were polished with a bromine-methanol solution. An ohmic contact was made with a zinc-indium-gallium alloy heated in an inert atmosphere at 150~ Electrodes were then made by attaching the InP to a copper rod with silver paint. The copper rod and edges of the crystal were insulated from the solution with Apiezon W wax and nonconductive epoxy.
The InP electrodes were illuminated with a 5 mW He-Ne laser. The profile of the etched holes was measured with a Tencor Alpha Step surface profilometer.
Proposed Reaction Mechanism
III-V semiconductors can be decomposed by photogencrated minority carriers at the semiconductor-electrolyte interface. The absence of electrons in the bonding orbitals (i.e., holes in the valence band), or the presence of electrons in antibonding orbital (i.e., electrons in the conduction band) weakens the chemical bond and makes it susceptible to nucleophilic or electrophilic attack by solution species (15) .
608
The proposed mechanism for the photoelectrochemical decomposition of p-InP in acidic solutions is outlined in Eq. [1] - [4] and is analogous to that f9 r p-GaAs (13) p-InP + 3hv--> p-InP + 3e-(surface) + 3h + [1] p-InP + 3e + (surface) --~ In + P~- [2] In + pa-+ 3H + ~ In + PH3 [3] The semiconductor is biased so that the photogenerated electrons in the conduction band drift to the semiconductor-solution interface while holes migrate into the bulk of the semiconductor, Eq. [1] . The photogenerated electrons destabilize the p-InP at the surface as shown in Eq. [2] , and electrophilic attack takes place. The reduction products are then solubilized in Eq. [3] . The etching process is then completed by stepping to a potential where holes are available at the semiconductor-solution interface and the indium metal on the surface is oxidized, Eq. [4] In + 3h + ---> In a § [4] The dissolution of the indium in Eq. [4] competes with the direct oxidation of the semiconductor lattice, Eq. [5] p-InP + 6h* --+ In ~+ + pa+ [5] In acidic solutions below pH = 3, In s+ is the predominant species. At higher pH levels, the In 3+ undergoes further complexation (16) . Thus, p-InP can be photoetched by first reducing the surface to form an indium-rich layer followed by anodic stripping of the surface film. Although the direct oxidation of p-InP can be used to etch the semiconductor, it is a nondesirable side reaction here, because it is not photoactivated and hence not spatially selective. The ratio of photoetching to dark etching will be an important guideline in this study. The important attributes of the two-step photoelectrochemical etching process investigated here are that it is photoinitiated, has a high rate of material removal, and that the crystals have acceptable surface topography.
Results
Since both electrons and holes are consumed in the etching process and several competing reactions are feasible, four types of experiments were performed on the (100) and (111) p-InP to help elucidate the reaction path. The potential of zero charge or flatband potential, VFB, will be discussed first. Cyclic voltammetry and chronoamperometry will then be used to establish the potential and time regime for the various reactions. Finally, macroscopic holes etched in (100) and (111) p-InP will be described.
Mott-Schottky pLots.--In order to determine VFB, MottSchottky (M-S) plots were constructed for both the (100) and (111) crystals in four different electrolytes. The experiments were carried out in 0.5M HC1, 0.5M H2SO4, 0.5M H2SO4 with 0.01M KSCN and 0.5M KOH. Several representative M-S plots are shown in Fig. 1 and 2 . The slope of the M-S plot is inversely proportional to the carrier concentration and the x-axis intercept is approximately VFB.
The majority carrier concentrations for the (100) and (111) crystals were 9 x 1017 cm -3 and 3 x 1018 cm -~ (• respectively. There are no significant differences between the curves in the acid solutions at the various frequencies. The variation in the slopes is primarily due to error in the measurement of electrode areas. All the M-S plots are linear, and there is no significant variation in the slope for the different electrolytes. This indicates that there were no obvious frequency-dependent anomalies such as surface states or the potential dependent adsorption of C1-or SCN-. VFe for the (111) face in 0.5M HC1 or H2SO4 is 0.75 • 0.05V vs. SCE which is essentially the same as previous values (17) corrected for carrier concentration differences. VFB for the (100) face in 0.5M HC1 or H2SO4 is 0.87 +_ 0.05V vs. SCE which is about 0.25V more positive than recently reported (10) . Correction for the carrier concentration does not account for the difference. The change in VFB with pH was about 54 mV/pH which is close to the expected value. Figures 1 and 2 clearly indicate a wellbehaved Schottky barrier at potentials negative of 0.7V. This observation is important in subsequent discussions concerning the participation of holes at potentials negative of 0.7V. The potential of the bandedges and redox levels of the hydrogen ion reduction reaction for (100) p-InP are shown in Fig. 3 .
Cyclic voltammetry.--The current-voltage behavior of the (106) and (111) p-InP electrodes at various temperatures in the dark and when illuminated by a 5 mW He-Ne laser are shown in Fig. 4 and 5, respectively. The illuminated area was about 0.01 cm 2 which was less than 10% of the total exposed surface. The initial potential for the scans was 0 V vs. SCE and the initial scan direction was toward negative voltages. At potentials negative of zero volts, the photoreduction of H + to H2 takes place, and hub- bles were observed on the illuminated surface. Near unity quantum efficiency was observed with the 5 mW He-Ne laser. The onset of the photoreduction current and shape of the cathodic portion of the I-V curves were very similar for the two crystal faces.
The anodic current at potentials positive of 0.2V corresponds to the oxidation and dissolution of the semiconductor via thermally generated holes, Eq. [5] . The reaction rate is directly proportional to the hole concentration at the semiconductor surface (18)
where N, is the hole concentration in the semiconductor bulk, N~ is the hole concentration at the semiconductorsolution interface, q is the magnitude of the electronic charge, V is the electrode potential, VFB is the fiatband potential, k is the Boltzmann constant, and T is the temperature. Thus, the surface concentration of holes and the current are exponentially dependent upon the applied voltage. Since holes are the majority carriers and their concentration in the bulk is high, illumination of the surface does not significantly affect their concentration or the rate of electron transfer for the oxidation.
The major change in the I-V behavior with temperature was an increase in the anodic current at potentials positive of 0.2V. At higher temperatures, the dark oxidation current became larger because the number of thermally generated holes increased and the rate of reaction for the dissolution of the products also increased.
The dark oxidation current for the (111) surface was larger than the (100) surface. This is expected from Eq. [6] because at potentials negative of~VV B, both N~ and exp [q(V -VFB)/kT] are greater for the (111) than the (100) face.
The I-V curves in Fig. 4 and 5 are dominated by the photocathodic evolution of hydrogen and the dark-anodic dissolution of the semiconductor. The electrochemical reactions shown in Eq. [1] - [3] are surface reactions which influence the I-V behavior, but their magnitude is small in comparison and must be examined in a different way.
Chronoamperometry.--The two-step etching process starts with the photoreduction of the surface to form an indium-rich layer followed by the anodic stripping of the indium layer. A series of chronoamperometric experiments were carried out to examine these two reactions by isolating them from the other electrochemical reactions. The stripping current was investigated by stepping the potential from a more negative voltage, Vcat, where photogenerated electrons were available at the electrode surface to carry out the reduction step, to a more positive potential, V~, where holes could participate in the oxidation process. In this way, the anodic stripping current served as a measure of the quantity of material etched in each potential step cycle.
There are at least three sources of anodic current which can occur when the potential is stepped from Vcat to VanThe first is the non-faradaic current due to charging of the semiconductor space charge region. The other two possible sources of current, both faradaic, are due to the reoxidation of hydrogen formed during the cathodic cycle at Vcat, and the oxidation of the insoluble products formed during the photoreduction of the surface, as shown in Eq. [2] . This latter current is the quantity of interest in the photoetching process. In order to isolate it from the other currents, the electrode was first biased at Volt and illuminated for 0.1s. The semiconductor was then allowed to sit in the dark at open circuit for 50s so that any soluble products such as hydrogen could diffuse into the bulk of the solution. The electrode was again biased at Vcat in the dark and the anodic stripping current was monitored during the potential step to Van. Figures 4 and 5 were used to help select the potentials. At Vcat, the dark current density was usually small (e.g., <10 .6 A/cm 2) while the photocurrent was large (e.g., > 10 2 A/cm2). Larger dark currents were observed when V~t was set at very negative potentials, as discussed below. The solution was gently stirred, however, it had no observable effect on the results.
In order to evaluate the non-faradaic charging current, a control experiment was performed for each potential step experiment where the sequence of events was identical except that the 0.1 s of illumination at Yca t was omitted. There was a very gradual trend of decreased electrochemical response of the p-InP with time over the course of several days. In order to report the most conservative photoeffects, the control experiment immediately prior to the illumination experiment was used.
A typical result for a potential step from V,.at to V~, is shown in Fig. 6 . Curve A shows the control experiment where the electrode was in the dark during the entire experiment. Curve B shows the anodic stripping current at Van when the electrode was illuminated for 0.1s while at Vc~t, 50s prior to the potential step. The difference in anodic current between Fig. 6 (A) and (B) is due to the oxidation of the indium-rich layer formed during the 0.1 s of illumination while at Vcat. This anodic stripping current [ Fig. 6 (B) -6 (A)] is a measure of the amount of photoetched material. Its time scale and potential dependance are important parameters in the two step etching process. Figure 7 shows the net anodic current, I(dark)-I(illuminated) vs. time for the (100) surface at 49~ V~t was held constant at -0.8V, and Van was changed from 0 to 0.4V. It shows that there is a significant potential dependence to the anodic stripping of the indium-rich layer which was formed during the illumination at Vcat. The indium is more efficiently stripped at the more positive values of Van because the concentration of holes at the surface is larger, Eq. [6] . The surface concentration of holes for (100) p-InP increased from 2.6 • 10 ~ cm -3 for V= = 0 V to 1.2 • 1010 for Va, = 0.4V. Figure 7 does not report the current density since the illuminated area is generally <10% of the total area. Figure 8 exhibits the potential dependence of V~t while keeping V= constant. Again, the anodic stripping current at V~ is used as a measure of the amount of material etched per potential step cycle. The (100) electrode was biased at five values of V~ot between -0.2 and -1.4V and illuminated for 0.1s. After sitting at open circuit for 50s, the electrode was again biased at Voat and then stepped to Va~ = 0.1V and the anodic stripping current was recorded. The quantity of insoluble material formed on the surface of the electrode increased as V~at was made more negative from -0.2 to -0.8V. At -1.4V, the potential was 2.27V negative of the flatband potential, and the cathodic dark current was large enough to cause the partial reduction of the surface, Eq. 8V to (A) 0, (B) 0.1, (C) 0.2, and (D) .................. _ .........  i ',:?-" . stepped from (A) -0.2,  (B) -0.6, (C) -0.8, (D) -1.0, and (E) -1.4 to 0.1V. The electrode was illuminated 50s prior to the potential step by a He-Ne laser for 0.1s. the net effect of illumination (at Vc~t) on the anodic stripping current (at V~) was small, as shown in Fig. 8 .
The photoreduction of the InP surface, producing an indium-rich layer, was observed at potentials more positive than that for the photoreduction of hydrogen ions, but significantly negative of the flatband potential, as shown in Fig. 4 and 5. Thus, even though photogenerated electrons can drift to the semiconductor-solution interface, they do not participate in the reduction process until the potential is negative of about 0 V. The production of the indium-rich layer has been identified as the source of the large hydrogen overpotential (7-10). The (111) p-InP surface behaved in a similar manner, however, the potential dependence was not as dramatic.
It is clear from Fig. 7 and 8 that the InP surface can be photoreduced and that the indium-rich layer can be stripped off the surface at potentials where the dark oxidation of the lattice is small. It is desirable that the indiumrich layer be quickly oxidized so that repetitive cycles can be executed to achieve a high etch rate. However, it is important that the anodic dark current corresponding to dark etching, Eq. [5] , be minimized. Figures 9 and 10 show the ratio of photoetching to dark etching for the same potential steps as in Fig. 7 and 8 , respectively. It should be noted that Fig. 9 and 10 are not in terms of current density since the illuminated area is generally <10% of the total area. The ratio of photocurrent to dark current would be approximately ten times greater, if normalized to electrode area. The conditions for the most efficient photoetching of the semiconductor with minimal dark etching occurs when the net current ( Fig .7 and 8 ) and current ratio ( [4] , was carried out using a He-Ne laser. The InP was first biased at Vcat to photoreduce the surface and then stepped to a more positive value, Van, to oxidize the indium-ricti layer with thermally generated holes, Eq. [4] . The chronoamperometry and cyclic voltammetry results were used to select the potentials where these reactions were likely to take place. Table I shows the results of selected experiments.
The gaussian distribution of the laser usually produced a gaussian-shaped hole in the surface. The maximum depth of the hole as measured with the surface profilometer is reo~ed. Figure 11 shows the profile of the hole etched in (111) p-InP at 66~ corresponding to line 24 of Table I . The shape of the etched hole is a good approximation of a gaussian distribution.
The parameters which were investigated are the crystal face, temperature, the potential step period, V~t, Va~, the electrolyte, and the etching time. Control experiments were performed at several temperatures. No measurable photoetching took place if the potential was held constant at either V~ or V~t and the surface was illuminated. Since only a small portion of the electrode was illuminated with the laser, the dark etch rate could be measured for each ex- Several observations can be made from the data in Table I . The (111) crystal photoetched significantly faster than the (I00) under the same conditions. This can be seen by comparing lines 4 and 18, lines 5 and 19 at room temperature, lines 10 and 24 at 66~ lines 13 and 27 at 82~ of Table I . The holes etched in the (111) face were generally specularly reflective and the holes in the (100) face were rougher and less reflective.
Temperature was the most important parameter in the etch rate. The etch rate of the (100) face at room temperature was relatively small. A 3.5 times increase in etch rate for the (100) was observed by raising the temperature from 37 ~ to 82~ as shown on lines 6, 8, 10, and 16. Figure 12 shows an Arrhenius plot of this change in etch rate. The slope of the line corresponds to an energy of activation of 0.12 eV. A similar change was observed for the (111) face. A 2.5 times increase in etch rate is shown on lines 20 and 24 for a 17 ~ increase in temperature.
The etching rate per potential step cycle approached 1 AJcycle as shown in lines 11, 21, and 26 of Table I . This is less than monolayer coverage of indium on the surface. Changing the step time from 0.1 to 10 ms had very little effect on the etch rate per unit time but had a linear effect on the etch rate per cycle. That is, when the period of the potential step was decreased, the etch rate per cycle also decreased proportionally so that the etch rate per unit time remained approximately constant. This and the temperature dependence indicates that either the cathodic anodic, or both reactions were not being taken to completion.
Experiments in which V~ and Vtat were independently changed show that making V~ more positive or making -1 A~ -2. (100) p-lnP experiments on lines 2, 6, 8, 10 , and 16 of Table L Yca t more negative increased the etch rate. When 14, 16 and 17, 18 and 19, and 25 and 27 of Table I . Likewise, making Vcat more negative at constant Van increased the etch rate as shown by comparing lines 1 and 3 and 7 and 8 and 9 for the (100) surface and 21 and 22 for the (111) surface, Table I . If Va~ was greater than about 0.5V the dark etch rate became significant, >0.1 p~m/min.
There was no significant difference observed for the three acid solutions used. Thus, the addition of C1-or SCN does not significantly affect the current-voltage or etching behavior of p-InP. This indicates that the rate limiting step is not altered by the addition of these species. These species are known to participate in the redox reactions of indium (19) .
Discussion
The photoreduction of the p-InP surface forming an insoluble product which is easily oxidized is analogous to the surface reactions which occur on p-GaAs (13) . In the case of GaAs, the group V species is reduced and evolves as the hydride. The etching cycle can be completed by anodically stripping the group III-rich metal surface. It is clear from the photoetching experiments and the chronoamperometry that the surface of the p-InP is destabilized and is photoreduced. The M-S plots and I-V curves show that although a depletion region is formed within the semiconductor at potentials positive of VrB (0.87V for (100) p-InP and 0.75V for (111) p-InP), the photogenerated carriers do not reduce bulk hydrogen ions until the potential is >IV negative of VFB. In fact, the photoreduction of the surface, Eq. [2] , is responsible for the overpotential for hydrogen ion reduction (10) .
The potential dependence of the surface photoreduction, Eq. [2] , is of particular interest because the surface reactions can play a dominant role in the other electron transfer reactions which occur at the surface. For p-InP in acidic solutions, the surface reduction occurs at potentials negative of about -0.2V, as shown in Fig. 8 . At potentials positive of this value, the photogenerated carriers recombine and no photoetching or photoreduction of hydrogen ions take place. At potentials just negative of -0.2, the reduction of the semiconductor surface occurs preferentially to the reduction of hydrogen ions.
The oxidation of the photoreduction products is a valence band process which is kinetically very favorable, as shown by the data presented here. That is, holes are consumed in the anodic stripping reaction, Eq. [4] , even though a space charge region exists within the semiconductor and the concentration of holes in the valence band at the solution-electrolyte surface is quite small. For example, when V = 0.1V, the concentration of holes at the (100) p-InP/0.5M H2SO 4 interface, Ns, is about 1.4 • l0 s cm -s as compared to the bulk value of 9 • 1017 cm -3. The reaction also takes place preferentially to the lattice decomposition reaction, Eq. [5] .
The anodic stripping current correlates well with the photoetching results. Integration of the chronoamperogram for (100) p-InP at 49~ gives a charge of 2.1 • 10 _7 C. If this were the amount of indium stripped off the surface as a result of Eq. [2] , then the removal rate for each 10 ms cycle would be approximately 1.0 A/cycle. The measured value for the experiment on line 11 of Table I is 0.6 A/cycle. There are several sources of error in this calculation. The hole is gaussian shaped and an average removal rate has only limited meaning because the etching rate may be nonlinear with intensity or current. Also, trace impurities may be present in the solution which can give rise to cathodic and anodic currents which do not contribute to the etching process.
The InP etch rate is strongly dependent on the heterogeneous chemical dissolution of the reaction products following the electron transfer step. This is shown by the temperature dependence of the etch rate (2 times/10~ and the lack of dependence upon the overpotential for the reduction reaction when Vcat is negative of about -0.6. The potential of the anodic stripping reaction has only a small effect on the anodic stripping current, as shown in Fig .7 .
This supports the conclusion that changing the cycle time of the experiments in Table I has only a minor effect on the etch rate because the reaction is still incomplete even at 10 ms cycle time.
The susceptibility of the crystals to photoreduction and anodic str~pping is related to their orientation. In the case of the (ill) surface, the lattice is terminated with phosphorous atoms whereas the (100) has an equal number of phosphorous and indium atoms. The dependence of the etch rate on Vcat and the removal rate of <1 A/cycle shows that the cathodic and/or anodic reactions are incomplete.
The relative ease of photoetching the (111) vs. the (100) surface indicates that the pure phosphorus (111) surface is more susceptible to reduction via conduction band electrons. The specular surfaces produced on the (111) face indicate that crystal faceting does not occur. This is because the (ill) face is the most reactive. The rougher surface produced on the (100) crystal indicates that other faces may be more susceptible to photoreduction and faceting can occur.
The meaning of M-S plots for semiconductors which participate in corrosion processes can be rather complex. The condition of the electrode surface and nature of the double layer is changing during the potential excursions of the M-S measurements. The ambiguity of performing M-S plots assuming an inert, ideal semiconductor-solution interface and then concluding the surface undergoes corrosion is recognized. The M-S plots do provide limited information concerning the extent of the changes in the surface and bandedges over a reasonable potential range. However, the redox potential for the reduction of hydrogen ions is very close to the conduction bandedge so that small changes in the energy level of the bandedges can have a dramatic effect on the reaction.
Finally, there are several implications for the use of p-InP as a photocathode for the production of hydrogen in energy conversion applications. These studies reconfirm the instability of InP surfaces. The lattice decomposition, Eq. [2] , is a very favorable reaction and is accelerated by temperature. At potentials negative of -0.2V, the semiconductor-solution interface cannot be viewed as an inert solid in contact with an electrolyte. Although we found the products of the photoreduction to be stable on the time scales studied, it is conceivable that a more oxidizing solvent could destabilize the reduction products.
In future studies, the intensity dependence of the photoelectrochemical etching as well as its spatial resolution and selectivity will be investigated.
Summary
It has been shown that p-InP can be photoelectrochemically etched by a two-step process. ']?he semiconductor is first biased at a potential where photogenerated minority carriers can reduce the lattice and form an indium-rich film. The potential is then stepped to a value where the reduction products are anodically stripped. Less than monolayer amounts of material are removed on each cycle and so the sequence must be repeated to sustain etching. The photoreduction process occurs preferential to the reduction of hydrogen ions and the stripping reaction is more favor__able than bulk anodic decomposition of the lattice. The (111) face is more susceptible to the photoetching process than the (100) face because of the increased accessibility of phosphorous on the surface for reduction to phosphine. The rate of photoetching (100) p-InP is about 1000 A/rain at 49~ and exhibits a doubling per 10~ temperature dependence.
Manuscript received July 9, 1990; revised manuscript received Sept. 12, 1990 . ABSTRACT By using Nation' film with tri-phenylcarbinol, the optical fiber humidity sensor was fabricated. The optical intensity around 450 nm in the reflection mode increases with the relative humidity. The resolution, i.e., the sensitivity to the relative humidity decreases in the range above 30% relative humidity. In a dry atmosphere, the dye exists in the form of triphenylcarbonium ion, and with increasing the relative humidity, the dye structure changes from the carbonium ion to carbinol.
It is well known that the humidity is detectable by using many kinds of inorganic and organic materials. Most of them can be used to detect the humidity as the changes of the electrical resistivity and/or the capacitance while their sensitivity in a lower humidity region below ca. 20% relative humidity (RH) is insufficient (1-4) . A great number of optical fiber sensors have been devised for the measurement of physical parameters like temperature and position. Recently, optical fiber systems are of interest as a technique to detect gas species in atmosphere. Chemical sensors based on optical fibers offer several advantages, i.e., the sensors are electrical safety and the signals are not fluctured by the electrical disturbances. Several approaches have been reported for fiber optic sensors to detect the humidity of environment (5) (6) (7) (8) . Zhou et al. (5) proposed that the porous optical fiber treated with COC12 is applicable to detect the humidity. Furthermore, Ogawa et al. (6) reported that the humidity is detectable by using the fibers with mieroporous SiO2 cladding. In this paper, we propose a new fiber humidity sensor composed of Nation 1 film with dye.
Experimental
Tri-phenylcarbinol (guaranteed grade, Nacalai Tesque) used as the dye was dissolved in distilled benzene. For thin-film preparation, Nation powder dispersed in wateralcohol solution (Nation pertiuorinated ion-exchange powder, Aldrich) was used and the films were prepared on the fractured face of polymethyl-methaerylate (PMMA) fiber (CK-120, Mitsubishi Rayon) by dipping. After drying, the dye was entrapped on the film by immersion into a benzene solution (100 rag/era3), followed again by drying. The humidity in the measuring chamber was controlled by mixing the humid air prepared by the bubbling with the synthesized air. Most of the gas line system was fabricated with Teflon. The sensor formed on PMMA fiber was fixed to the measuring chamber prepared with Teflon. The Y-type quartz fiber was fixed just in front of the PMMA fiber with a sensor film. Light from a DJI~ lamp was Nation is a registered trademark of E. I. du Pont de Nemours and Company.
launched into the tiber and directed to the sensor and the reflected and modulated light was collected by the same optical fiber. The collected light was analyzed by using speetro multiehannel photodetector (MCPD-1000, Otsuka Electronics) in the region of 400-800 nm. The schematic diagram of the optical measurements is shown in Fig. 1 . The water sorption isotherm was measured by using a quartz oscillator as a microbalance for the composite film formed on the quartz oscillator with gold electrode. All of the measurements were executed at 30~
Results and Discussion
Tri-phenylcarbinol is a considerably stable organic compound in which the color is very sensitive to the activity of acid and the carboniurn ion is easily formed in sulfuric acid. The phenyl groups have strong resonance interactions with the central carbon atom in (C6H~hC ~ (chromophore). Spectral data from 275 to 700 nm for tri-phenylcarbinol in concentrated sulfuric acid have been reported by Branch and Walba (9) , indicating that the benzenoid structure is almost converted to the corresponding carbonium ion by concentrated sulfuric acid. It is expected that the entrapped tri-phenylcarbinol on a solid-state strong acid exists in the form of the earbonium ion, which 
